Journal of Analytical and Applied Pyrolysis 96 (2012) 162-172 



ELSEVIER 


Contents lists available at SciVerse ScienceDirect 

Journal of Analytical and Applied Pyrolysis 

journal homepage: www.elsevier.com/locate/jaap 



Microwave-assisted pyrolysis of oil palm shell biomass using an overhead stirrer 

Arshad Adam Salema, Farid Nasir Ani* 

Department of Thermodynamics and Fluid Mechanics, Faculty of Mechanical Engineering, Universiti Teknologi Malaysia, UTM 81310, Skudai, Johor Bahru, fohorDarul T’azim, Malaysia 


ARTICLE INFO 


ABSTRACT 


Article history: 

Received 20 December 2011 
Accepted 31 March 2012 
Available online 12 April 2012 


Keywords: 

Biomass 

Microwave pyrolysis 

Stirrer 

Bio-oil 

Phenol 

Carbon percentage 


Oil palm shell biomass contains a high amount of lignin and thus has the potential to be converted 
into value-added products. If this biomass is not utilised efficiently, significant loss of valuable chemical 
products may occur, which otherwise can be recovered. In this paper, a new technique using an overhead 
stirrer to pyrolyse biomass under microwave (MW) irradiation was investigated. The ratio of biomass to 
activated carbon was varied to investigate its effect on the temperature profile, product yield and phenol 
content of the bio-oil. Interestingly, the microwave pyrolysis temperature could be controlled by varying 
the biomass to carbon ratio. The highest bio-oil yield and phenol content in bio-oil were obtained at a 
biomass to carbon ratio of 1:0.5. Chemical analyses of bio-oil were performed using FT-IR, GC-MS and 1 H 
NMR techniques. These results indicate that bio-oil consists mainly of aliphatic and aromatic compounds 
with high amounts of phenol in the bio-oil. Thus, MW pyrolysis with a stirrer successfully produced 
high-phenol bio-oil compared to other methods. This significant increase in bio-oil quality could either 
partially or wholly replace petroleum-derived phenol in many phenol-based applications. 

© 2012 Elsevier B.V. All rights reserved. 


1. Introduction 

Microwave (MW) technology has gained tremendous impor¬ 
tance in the thermo-chemical treatment of waste materials, 
including biomass, waste cooking oil, used engine oil, scrap tires, 
algae and others. New fields are being discovered in which MW can 
be used as an alternative source of heating. The application of MW in 
waste treatment originated about two decades ago. Therefore, it can 
be considered at an early stage of development. In particular, MW 
pyrolysis has gained rapid momentum among the scientific com¬ 
munity concerned with waste management, but only within the 
last decade. Since then, pyrolysis has received considerable atten¬ 
tion as a favourable process under MW irradiation compared to 
combustion and gasification. The pyrolysis process is performed 
under an inert environment (in the absence of oxygen), which is 
advantageous in terms of safe working conditions under MW irra¬ 
diation as it prevents explosions or other hazards. Moreover, it is 
an endothermic reaction, and therefore avoids runway of reac¬ 
tion temperatures to a dangerous level. Various types of waste 
have been treated using the MW pyrolysis process. Some classical 
reviews on MW technology dealing with its principles [1], appli¬ 
cations in environmental engineering [2], waste treatment [3], and 
the benefits that these processes offer compared to conventional 
heating systems are well-documented. A review article concerning 
the MW process with carbon materials (acting as MW absorbers) 
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was published recently [4]. Nevertheless, as it is in its early stages, 
continual development of MW pyrolysis technology is necessary to 
better understand and develop fundamental mechanisms for this 
new process. The extent of MW heating recognition in the pyrolysis 
community can be realized by the progress done in scaling up of 
the technology [5]. 

Several studies have been performed on MW pyrolysis of 
biomass, including substrates such as wood [6], fir/pine wood saw¬ 
dust [7], corn stover and aspen [8], rice straw [9,10], fir sawdust 
[11], coffee hulls [12], wheat straw [13], oil palm biomass [14], 
and oil palm empty fruit bunches [15]. The MW reactor systems 
used to pyrolyse biomass are summarised in Table 1. It can be seen 
that, except for one study [11], the use of an overhead stirrer for 
biomass pyrolysis using MW irradiation has not been attempted. 
However, in this study, glycerol and an ionic liquid were used 
as MW absorbers to pyrolyse the biomass, which were in liquid 
form. This article did not furnish a detailed experimental discus¬ 
sion. Another study [13] used a rotating reactor inside the MW 
cavity to ensure uniform distribution of MW energy within the 
sample. From this survey, it is abundantly clear that researchers 
have simply used quartz reactors without any agitation or stirring 
for MW pyrolysis. This has been the case for solid materials. Cer¬ 
tainly, the application of an overhead stirrer under MW irradiation 
can be found in chemical organic synthesis or where the samples 
are in liquid or semi-liquid form, such as used engine oil, waste 
cooking oil, and non-edible oil. For instance, the effect of agitation 
or a stirrer on the temperature profile for organic chemical syn¬ 
thesis was demonstrated by Herrero et al. [21]. It was concluded 
that efficient agitation or stirring of the sample was essential for 













A.A. Salema, F.N. Ani / Journal of Analytical and Applied Pyrolysis 96 (2012) 162-172 


Table 1 

Survey of MW systems used by various researchers to carry out biomass pyrolysis. 
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Biomass 

Microwave absorber 

MW experimental set-up 

Wood [6] 

- 

The sample was hung in the MW oven type A. In type B MW oven the sample 
was placed on the rotating table. 

Pine wood sawdust [7] 

Inorganic additives in liquid form 

Beaker-shaped quartz reactor was placed in the MW cavity. 

Corn stover and aspen pellets [8] 

Chemicals in liquid form 

Samples were placed in a quartz flask which was placed in the MW cavity. 

Rice straw [10] 

None 

Single mode MW was used. A quartz reaction tube and sample holder were 
used. 

Fir sawdust [11] 

Glycerol and ionic liquid 

The sample was placed in a reactor facilitated with a stirrer. 

Coffee hulls [12] 

Char 

A quartz reactor was used, which was placed in the centre of a waveguide and 
radiated with single mode MW. 

Wheat straw [13] 

Sulphuric acid 

The MW reactor was fitted with a vacuum module. The sample was placed in a 
rotating reactor. 

Oil palm biomass [14] 

Biomass char 

A multimode MW system was used. The quartz reactor was placed at the 
centre of the cavity. 

Oil palm empty fruit bunches [15] 

Char, activated carbon and silicon 
carbide 

A cylindrical quartz reactor was placed at the centre of the MW cavity. 

Wood [16] 

Glycols 

The compacted sample was placed at the bottom of the reactor, sealed and 
placed in the MW oven. 

Rice straw and sawdust [17] 

Ionic liquids 

A three-necked round-bottom flask was used. 

Corn stalk, rice straw and pinewood 
[18] 

Douglas fir [19] 

Ionic liquids 

MW reactor (no detailed explanation). 

Activated carbon 

The sample was placed in a quartz flask. 

Distillers dried grains with soluble [20] 

None 

The sample was placed in a quartz flask. 


complete uniformity in the temperature profile. Nevertheless, to 
date, no one has attempted to pyrolyse biomass materials using an 
overhead stirrer under MW irradiation. Therefore, it is of interest 
to investigate the performance of this new technique. 

In our previous article [14], oil palm biomass was pyrolysed 
via MW irradiation, but the material bed was static or fixed. This 
resulted in low temperature pyrolysis of biomass. Moreover, from 
our past experience, if a static or fixed bed is irradiated with MW, 
the temperature profiles can vary greatly and hot spots can occur 
[22]. Hence, either the MW energy needs to be disseminated uni¬ 
formly in the cavity or the material should be fluidised, stirred or 
agitated to homogenise the temperature. 

In view of the abovementioned concerns, single mode and 
multimode MW applicators experience localised heating of the 
materials, commonly known as hot spots. These hot spots are likely 
to occur in the MW cavity due to high MW field strength at a par¬ 
ticular position. Unlike multimode MW, hot spots in single mode 
might offer some advantages. However, hot spots are not recom¬ 
mended in multimode MW since they may deteriorate the reaction 
mechanism by creating temperature gradients. If heterogeneous 
material is subjected to multimode cavities, it may undergo thermal 
gradients due to non-uniform microwave flux density, provided 
it is mixed or stirred properly. To overcome this problem, several 
techniques have been used to improve the uniformity of the MW 
energy within the materials. This includes increasing the cavity 
size or the frequency of the MW, the introduction of a turntable in 
domestic MW ovens, the implementation of a stirrer or fan, mag¬ 
netic stirrers and multiple MW inputs [1 ]. Beyond these techniques, 
in the present study, an overhead stirrer was employed to agitate 
the biomass materials. It was hypothesised that such a method 
would not only improve the heating rates but would also enhance 
the reaction mechanism, leading to improved product quality. This 
could happen by reducing the hot spot phenomenon by rotating 
the biomass materials through areas of low and high MW field 
strength. 

Since biomass shows poor MW absorbing characteristics, the 
introduction of an additional material capable of absorbing MW 
was required. These are usually referred to as microwave absorbers 
or susceptors, and the process is known as a hybrid heating mech¬ 
anism. The role of such materials is to absorb the MW energy and 
transfer it to a poorly absorbing material such as biomass. The 
ratio with which the MW absorber is doped with biomass dur¬ 
ing MW pyrolysis plays an important role in achieving optimum 


bio-oil yield [11,14,19]. It is assumed that an increase in the car¬ 
bon percentage might increase the temperature of MW pyrolysis 
in the presence of a stirrer. Other researchers [5,7,15,23] have even 
reported that the type of MW absorber or additives influences the 
pyrolysis product yield and quality. 

The purpose of the present study was to present for the first 
time MW pyrolysis of biomass by means of an overhead stirrer. 
A primary focus of the study was to investigate the feasibility of 
pyrolysing biomass under MW irradiation using a stirrer. The heat¬ 
ing characteristics of this new technique were investigated through 
the temperature profiles during MW pyrolysis. MW input pow¬ 
ers of 300 and 450 W were considered to investigate the pyrolysis 
process. The effect of the biomass to carbon ratio on the product 
yield was studied. A comparison of different bio-oils in terms of 
the amount of phenol obtained by previous researchers is also pre¬ 
sented in the paper. Finally, the challenges and benefits of the MW 
pyrolysis process using a stirrer are discussed at the end of the paper 
in Section 4. 

2. Materials and methods 

2.1. Materials 

Oil palm shell (OPS) biomass was obtained from the Felda Kulai 
palm oil mill situated in the Johore state of Malaysia. OPS was 
ground to a 850 p,m particle size. The as-received moisture content 
of the OPS was found to be about 8 wt%. Commercial coconut-based 
activated carbon (AC) was supplied by the Laju Group of Compa¬ 
nies, Malaysia. The size of AC was in the range of 0.001-0.002 m. 
Furthermore, the internal surface area of AC as provided by the 
company was in the range of 500-2500 m 2 /g. The lignocellulosic 
content of oil palm shell was reported [24] to be cellulose - 31%, 
hemicellulose - 20%, and lignin - 49%. 

2.2. Experimental set-up 

A multimode microwave system of 1 kW power at a frequency 
of 2.45 GHz was used to carry out biomass pyrolysis. The details 
regarding the MW set-up and temperature measurement can be 
obtained in our previous article [14]. One modification included 
the use of a three-necked glass lid at the top of the reactor instead 
of the two-neck apparatus used before. The overhead stirrer was 
placed in the reactor through a central opening of the three-neck 
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lid. Monitoring of temperature in multimode domestic MW sys¬ 
tem was essential since these systems provide only MW power and 
timer setting to run the experiments. Hence, one needs to check 
continuously the temperature history during pyrolysis reaction. 
This might not only help in preventing any unnecessary runaway 
of temperature but could also offer knowledge of pyrolysis temper¬ 
ature for each moment. The thermocouple T1 was used to record 
the bed inside temperature and T2 was used to measure the bed 
surface temperature. The thickness of the thermocouple was about 
0.002 m. The thermocouples were placed at the two ends of the 
reactor such that there was sufficient clearance between them and 
the moving stirrer. The distance of thermocouple T1 and T2 was 
about 0.04 m apart from the centre of the reactor and the height 
of T1 and T2 was about 0.005 m and 0.025 m respectively above 
the distributor plate. An overhead high-speed stirrer with a digital 
regulator (WiseStir model HS-30D) was purchased from the Daihan 
Scientific Company Ltd., Korea. The speed of the stirrer ranged from 
200 to 3000 rpm. An anchored two-bladed stainless steel stirrer 
shaft 0.008 m in diameter with 0.07 m wide blades was employed. 
The height of the stirrer was adjustable. This stirrer was capable 
of delivering a steady and constant stirring speed despite changes 
material behaviour during the reaction. It was quite easy to handle 
and change the stirring speed using the jog-shuttle control system. 

An MW leakage detector acquired from Robin Professional Test 
Equipment, U.K., model TX90 was used to ensure a safe working 
environment during the experiments. Additionally, it also helped 
to minimise the MW leakage from the system. 

2.3. Methods 

For each experiment, the ratio of biomass to carbon was var¬ 
ied, including 1:0.25 (25 wt% carbon of the biomass weight), 1:0.5 
(50 wt% carbon of the biomass weight) and 1:0.75 (75 wt% carbon 
of the biomass weight) charged into the quartz reactor. It should be 
noted that the weight of the biomass was held constant, i.e. 150g 
for each run; however, the carbon loading was varied. Nitrogen gas 
with 99.96% purity and a flow rate of about lOL/min (LPM) was 
supplied before the initiation of the experiments for about 5 min to 
ensure an inert environment. However, during pyrolysis, the flow 
rate was decreased to about 5 LPM to maintain the inert environ¬ 
ment as well as to sweep the vapour out of the reactor. In this study, 
an MW power of 300 W and 450 W were used, but the radiation 
time of 25 min was kept constant for each run. Before commencing 
the experiment, the stirrer was turned on at 200 rpm until the end 
of the test. In this article, the effect of the speed of the stirrer was 
not taken into account. The bio-oil (liquid) fraction was trapped 
in a glass condenser that was cooled by water at a temperature of 
about 7-10°C. The bio-oil which remained in the equipment was 
determined by the weight difference of the equipment before and 
after the experiment. Thus, the total bio-oil yield included the con¬ 
densed plus the remaining bio-oil in the equipment. Solid char was 
weighed at the end of the experiments after the temperature of the 
residue had reached room temperature. The yield of the flue gas 
was measured by difference. All experiments were repeated twice 
to confirm the values obtained. The maximum temperature was 
found to be more or less similar when the experiments were dupli¬ 
cated. However, the temperature history varied to some extent. 
The product yield was the average of the two experiments with a 
difference of ±2-3 wt%. 

2.3.1. FT-IR analysis of bio-oil 

The functional group composition of pyrolysis oil was analysed 
by Fourier Transform Infrared spectroscopy (FT-IR), using a Perkin 
Elmer model 2000 available at the Department of Polymer Engi¬ 
neering, Faculty of Chemical Engineering. A thin uniform layer of 
the liquid was placed between two NaCl salt cells and exposed to 


an infrared beam. The absorption frequency spectra were recorded 
using a personal computer. It provided the absorption spectrum 
as a percentage of incident intensity along the wavenumbers 
4000-400 cm -1 . Standard IR spectra of hydrocarbons were used to 
identify the functional groups of the chemical components present 
in the bio-oil. 

2.3.2. GC-MS characterization of bio-oil 

The chemical components present in the bio-oil were investi¬ 
gated by means of an Agilent Technologies 6890 GC-MS using an 
HP-5MS capillary column (length 30 m, diameter 250 pun). The GC 
initial oven temperature of 80 °C was raised to 200 °C at a rate of 
10 °C/min, then to final temperature of 300 °C at a rate of 5 °C/min, 
then held constant for about 10 min at 300 °C. The injector temper¬ 
ature was monitored at 250 °C. Helium was used as the carrier gas 
with constant flow rate of 2 ml/min. The above GC was connected 
to the inert Mass Selective Detector (MSD), Agilent Technologies 
5975 series with scan as acquisition mode. The whole system was 
controlled by Chemstation software (Agilent) and the peaks were 
determined with help of NIST library. The MS condition were: 
Electron Ionization (El) mode, ion source temperature was 230 °C, 
emission current was 34.6 p,A, ionization energy was 70 eV, full 
scan range from 50 to 550 and quantitation was based on selected 
ion monitoring (SIM) mode. 

2.3.3. NMR 

The NMR spectrum of bio-oil was analysed at 400.13 MHz 
using a Bruker Avance II 400 spectrometer with a 0.005 m BBO 
probe. Chloroform-D was used as the solvent. 

3. Results and discussion 

3.1. Temperature profile without the addition of carbon 

Fig. 1 shows the real time temperature history of oil palm shell 
(OPS) biomass without the addition of carbon at an MW power 
input of 180 and 450 W. Apparently, no pyrolysis took place under 
these conditions. Nevertheless, mild vapour generation with con¬ 
densation of water on the walls of the quartz reactor and other 
equipment occurred. The bed inside temperature remained higher 
than the bed surface temperature at both MW powers (T1 >T2), as 
shown in Fig. 1. The maximum bed inside (Tl) and surface tem¬ 
peratures (T2) were around 73 °C and 38 °C, respectively, at 180 W. 
Furthermore, an increase in MW power (450 W) raised the temper¬ 
ature Tl to about 360 °C, which was approximately five times the 
temperature at 180 W. Surely, at such a high temperature and with¬ 
out the addition of carbon, mild vapour generation was observed, 
but bio-oil was not obtained. These vapours might have been due 
to the heating of low temperature volatile components present in 
the biomass such as cellulosic materials. On the other hand, the 
bed surface temperature T2 increased from 38 °C to 115 °C when 
the MW power was increased from 180 W to 450 W. 

Even though biomass is considered to be a poor absorber of MW, 
the increase in temperature at this stage was attributed to the pres¬ 
ence of water in the form of moisture in the biomass. Owing to 
its good MW absorbing characteristics, water can generate con¬ 
siderable heat within biomass due to its dielectric property and 
polar nature [25]. This heat was sensed as an increase in temper¬ 
ature. A study of MW pyrolysis on wood pellets confirmed that 
water or moisture in the biomass is the only factor responsible for 
absorbing MW below 600 °C without the addition of any carbon or 
MW absorber during pyrolysis [26]. A few researchers [ 10,14,27,28 ] 
have attempted to investigate the temperature history of biomass 
under MW radiation. 

Interestingly, the present study depicted very different tem¬ 
perature profiles from our previous work [14]. The maximum 
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Fig. 1 . Temperature history of OPS biomass at MW input power of (a) 180W and 
(b) 450 W using stirrer and without any carbon (0 wt%). 

temperatures T1 and T2 for OPS biomass were 120°C and 180°C, 
respectively, at 450 W in our previous research work, i.e. without 
a stirrer and with a large particle size, whereas T1 and T2 were 
about 360 °C and 115 °C, respectively, in the present work at same 
power but with a stirrer. This gave the impression that there was 
certainly a significant enhancement in temperature due to the stir¬ 
ring action. In our previous study, the bed surface temperature 
was higher compared to the bed inside temperature (T2 > T1) with¬ 
out a stirrer, while the present study showed a contrasting result 
(T1 >T2) with the stirrer. This might be due to the penetration of 
MW inside the bed. 

In addition to this, another interesting phenomenon was 
observed during MW heating of biomass without carbon. In this 
study, biomass material was heated after absorbing the MW energy, 
while the upper region of the quartz reactor remained at a low 
temperature since glass is transparent to MW. This is because of 
selective heating nature of MW. Hence, the evaporated moisture 
from the biomass was condensed immediately on the wall of the 
reactor as it passed through the cooler region above the mate¬ 
rial. These condensed water droplets tended to fall back into the 
biomass material. This phenomenon could also be responsible for 
increasing the temperature to drastically higher values because the 
biomass material became wet. Thus, the dielectric properties of the 
biomass were expected to change because of this phenomenon. It is 
important to note that, at this stage, nitrogen gas was not injected. 
As a result, the water vapour mostly stayed inside the reactor. Thus, 
the initial stage of MW heating could be used to dry the biomass 
materials as observed in a previous study [10]. 

Furthermore, the effect of MW power on the temperature 
history was pronounced, as seen in Fig. 1 . Since MW are electromag¬ 
netic waves, an increase in power leads to increases in the electric 
field strength of the MW. At low MW power, the electron inten¬ 
sity or field strength is not sufficient to induce adequate molecular 


polarisation in the biomass material. At high MW power, the elec¬ 
tron intensity becomes stronger, so polar molecules tend to vibrate 
more vigorously. Thus, the rotational or vibrational motion of the 
molecules inside the material intensifies because of an increase 
in MW power (field strength) which rapidly heats up the sample 
mass. Once the MW power was on, the temperature T1 increased 
from 28 °C to 54°C in 7 s (Fig. la) at 180W. However, at 450 W, a 
rapid increase was observed from 38 °C to 130 °C in same amount 
of time (Fig. lb). This clearly shows that MW power plays an impor¬ 
tant role in defining the temperature profile of the biomass, which 
agreed with previous work [10]. Thus, during MW heating, biomass 
materials may undergo rapid changes in their physio-chemical and 
dielectric properties, which may result in a complex pyrolysis pro¬ 
cess [29]. 

3.2. Temperature profile with the addition of carbon 

The temperature history was found to be an important parame¬ 
ter in MW pyrolysis using an overhead stirrer with the addition of 
carbon. Some very remarkable findings were gained in the present 
research regarding the temperature profiles. The addition of car¬ 
bon into the OPS biomass not only increased the temperature 
(see Fig. 2), but also initiated the pyrolysis process by generating 
vapours. The effect of MW power was also taken into account. Too 
high power (>450 W) was avoided in order to prevent any damage 
to the magnetron due to excess radiation being reflected. Another 
reason was to reduce the consumption of energy by performing 
pyrolysis at a low MW power. Finally, it was found to be unneces¬ 
sary to perform MW pyrolysis at higher power if pyrolysis could be 
accomplished at 450 W. According to a recent study [20], high MW 
power input favours gasification reactions and decreases the yield 
of bio-oil. 

The sinusoidal nature of the temperature profiles in Figs. 1 and 2 
were a result of the cyclic on/off working nature of the magnetron 
(MW generator), commonly known as duty cycle. All domestic MW 
systems work in this mode and its detail could be found in our 
previous publication [14]. 

Surprisingly, even after the addition of carbon at 300 W, no 
pyrolysis took place. This might have occurred because of insuf¬ 
ficient temperature. For instance, the temperature T1 recorded 
for the biomass to carbon ratios of 1:0.1, 1:0.25, 1:0.5 and 1:0.75 
was about 315 °C, 215 °C, 120°Cand 110°C, respectively, at 300 W 
power, as can be seen in Fig. 2a-d. At MW power of 300 W, the 
electric field is not so intensive, which could agitate the molecules 
enough to achieve the desired temperature. Thus, if the water 
within the biomass does not build up enough pressure, it would 
restrict the temperature to a lower value, which cannot contribute 
to the pyrolysis reaction [26]. The schematic sketch in Fig. 3 depicts 
the visual behaviour of free and bound water under MW irradia¬ 
tion. Free water is expected to evaporate through the capillaries 
of the biomass even at low temperatures compared to bound 
water, which needs high temperatures to entrain from the mate¬ 
rial. Thus, free water would not provide enough temperature within 
the biomass material due to its early escape. On the other hand, 
bound water would enter the super-heated steam stage which may 
increase the temperature of the biomass material to a high value. 
Nevertheless, only water was collected at 300 W power, because of 
absence in pyrolysis. 

Unexpectedly, the temperature profiles were observed to 
decrease with the carbon ratio (see Fig. 2a-d). This contradicted our 
hypothesis that the temperature would increase with an increase 
in the carbon ratio. This is an important contribution to the field, 
since no one has yet attempted to investigate the effect of varying 
the carbon ratio on the MW pyrolysis temperature using a stir¬ 
rer. This is because most of the work concerning the effect of the 
biomass to MW absorber ratio was focused on the yield of bio-oil 
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Fig. 2. Temperature history of OPS biomass pyrolysis at different MW 
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:: (a), (b), (c), (d) 300 W, and (e), (f), (g), (h) 450W and carbon ratios. 


[11,19]. In relation to our previous study [14], the absence of a stir¬ 
rer, a nearly similar temperature profile was observed at a different 
carbon ratio. Thus, it is clear that the stirrer played a role in defin¬ 
ing the typical temperature profile in the present work. Similarly, 
temperatures T1 and T2 at an MW power of 450 W also showed a 
decreasing trend with an increase in the biomass to carbon ratio. 

Another pronounced effect observed in Fig. 2 was the change in 
the bed inside and surface temperature profiles. As the biomass to 
carbon ratio was increased, the bed inside temperature (T1) became 
lower than the bed surface temperature (T2) (see Fig. 2a-d and 
Fig. 2e-2h; the red colour profile for T1 decreased to below the blue 
colour profile of T2). This occurred at both powers (300 and 450 W). 
The immediate reason behind this outcome is not yet known. How¬ 
ever, it could be predicted that at low ratios (1:0.1 and 1:0.25), the 
synergistic effect between carbon and biomass might be more effi¬ 
cient compared to higher ratios. For this reason, a higher ratio may 
lead to localised heating of the carbon. However, no evidence for 
this could be found in the literature. 


Our previous work [14] on MW pyrolysis of OPS provided some 
interesting facts about low temperature pyrolysis. However, this 
was not the case when we used a stirrer. The MW pyrolysis temper¬ 
ature reached higher values than expected when performed with 
a stirrer. Even though the MW power (450 W) and biomass to car¬ 
bon ratios were similar, the maximum temperature attained with 
a ratio of 1:0.5 was about 500 °C with a stirrer compared to 237 °C 
without a stirrer. Keeping in view that the effects of MW power 
and the biomass to carbon ratio are manifested in the temperature 
profile, this could be attributed to two important additional fac¬ 
tors. These include the effect of the stirrer and the particle size, as 
discussed in Section 3.1. It could be obvious that heating rate and 
temperature are depended on particle size [27]. 

The maximum pyrolysis temperatures achieved at different 
biomass to carbon ratios are presented in Fig. 4. The bed inside 
temperature T1 decreased as the biomass to carbon ratio increased, 
whereas the bed surface temperature T2 increased up to a ratio 
of 1:0.5 and thereafter decreased slightly until a ratio of 1:0.75. 
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Fig. 3. Schematic diagram of the MW interaction with materials and its effect on water evaporation from the sample. (->) indicates the path of free water, (S) indicates the 
path of bound water. 


Overall, the optimum temperature profile of about 500 °C was 
obtained at a ratio of 1:0.5, with a similar bed inside and surface 
temperature. It was of immense importance to know that the MW 
pyrolysis temperature can be controlled by varying the biomass 
to carbon ratio. This was an interesting observation in the present 
study; otherwise, this could be difficult to achieve in multimode 
domestic MW systems since this MW are based on setting of power 
and time. There is no temperature controller in normal multimode 
domestic MW systems except done with modifications. 

Furthermore, the temperature profiles reached a steady level 
after a certain period of time (see Fig. 2e-2h at 450 W), except at the 
ratio of 1:0.1, which decreased after attaining the maximum tem¬ 
perature. This indicates that biomass pyrolysis may have reached 
completion and that most of the biomass had been converted into 
char. Fligher temperature profiles might be associated due to faster 
formation of char or a shorter time to reach near-completion of 
pyrolysis (see Fig. 2e). It took around 7,10,15 and 17 min to com¬ 
plete the OPS pyrolysis under 450 W for ratios of 1:0.1, 1:0.25, 
1:0.5 and 1:0.75, respectively. This time is including the off time 
of MW. Flere, we defined completion of pyrolysis by observing the 
vapours, which almost ceased at these time points. This does not 
mean that all the biomass had been pyrolysed. The pyrolysis pro¬ 
cess can reach thermal equilibrium after reaching the maximum 



Fig. 4. Maximum temperature attained during the MW pyrolysis of biomass using 
a stirrer. 


temperature [28]. A decrease in pyrolysis time could be related to 
higher heating rates, which facilitate the rapid release of volatile 
matter due to sudden increase in temperature (see Fig. 2e, where 
the initial temperature reached to about 800 °C with a ratio of 1:0.1 
in just 15s after the MW had been turned on). Thus, freshly formed 
char will readily absorb MW, which further accelerates the heating 
rate and consequently the pyrolysis process. Previous researchers 
[9,26,30] have also discussed about this matter. 

Our experimental results demonstrated the benefits of using 
a stirrer, which not only helped to reach the desired pyrolysis 
temperature but also shortened the process time in addition to 
completion of pyrolysis process. Similar to our previous study, the 
present results also demonstrate that a minimum power of 450 W 
was required to generate the vapours for bio-oil production. Below 
this power, pyrolysis could not take place even in the presence of 
an MW absorber and stirring action. This was in agreement with 
the findings of previous study done on corn stover MW pyrolysis 
[31]. 

3.3. Product yield 

The percentage product yields of MW pyrolysed OPS at differ¬ 
ent biomass to carbon ratios are presented in Fig. 5. The product 
yields obtained were from the experiment performed at 450 W. The 
water that condensed during MW pyrolysis due to the evaporation 
of moisture from biomass was continuously drained out. This was 
done until strong vapours were generated and a dark brownish bio¬ 
oil started to condense. In spite of this, it was anticipated that the 
bio-oil yield in Fig. 5 might contain water to some extent, which 
might have resulted from the pyrolysis reaction. 

Optimum bio-oil yield was obtained at a ratio of 1:0.5, as 
observed in Fig. 5a. This was in agreement with our previous study. 
Furthermore, this is supported by a very recent study [19]. Low 
bio-oil yield at the 1:0.1 ratio may have been due to incomplete 
pyrolysis of biomass particles, since most of the carbon particles 
were noticed floating on the top of the bed region, maybe due to the 
particle density difference. This might have pyrolysed the OPS par¬ 
ticles in the vicinity of the carbon, thus leaving behind the majority 
of un-pyrolysed or raw OPS biomass shown by a high char yield in 
Fig. 5a. Because of this the top layer of OPS biomass was pyrolysed 
and bottom remained un-pyrolysed. Even though the 1:0.25 ratio 
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Table 2 

FT-IR analysis of functional groups present in OPS bio-oil. 


Wave numbers, 
cm -1 

Functional group 

Peak locations at different carbon percentages 


Class of compounds 



0 

25 

50 

75 


3200-3600 

O—H stretching 

3400 

3400 

3420 

3430 

Polymeric, alcohols, phenols or water 
(hydroxyl group) 

2300-1850 

C=C stretching 

2090 

2084 

2080 

2070 

Alkynes, cyanide compounds 

1850-1650 

C=0 stretching 

1716 

1715 

1712 

1720 

Ketones, aldehydes, carboxylic acids, esters 

1650-1580 

C=C stretching 

1637 

1641 

1650 

1655 

Aromatic ring alkenes 

1470-1350 

C—H bending 

1396 

1397 

1396 

1396 

Alkanes 

950-1300 

C—O stretching 

1278 

1277 

1275 

1270 

Primary, secondary and tertiary alcohols, 


O—H bending 

1022 

1024 

1024 

1025 

phenol, esters, ethers 

900-650 

C—H bending 

885, 809 762, 698 

888,810, 761,696 

892,816, 762,695 

893,814, 754, 695 

Aromatic compounds 


showed the lowest char yield compared to the others, the bio-oil 
yield was still lower than with the 1:0.5 ratio. 

Fig. 5b illustrates the effect of MW pyrolysis temperature on 
the product yield. The temperature here refers to the maximum 
temperature attained during MW pyrolysis of OPS. It was clear that 
a higher carbon ratio in the biomass led to a lower temperature 
profile, as presented in Section 3.2, and consequently a high bio-oil 
yield. Char yield was higher at lower temperatures, i.e. 400 °C, and 
it decreased with an increase in temperature from 400 °C to 700 °C. 
On the other hand, the highest char yield at 900 °C included un- 
pyrolysed OPS particles. Moreover, a high pyrolysis temperature 
favoured the formation of non-condensable but combustible flue 
gas rather than a liquid product, as can be observed in Fig. 5b at 
700 °C. Flence, a pyrolysis temperature of 500 °C was found to be 
optimum for bio-oil production from OPS biomass under an MW 
power of 450 W and at a ratio of 1:0.5. 

Previous studies [11,13,19] have reported the effect of an MW 
absorber or catalyst on the product yield. Flowever, the ratios 
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Fig. 5. MW pyrolysed product yield with (a) variable carbon ratios and (b) maximum 
pyrolysis temperature. 


reported in the literature might vary according to the technique 
used to mix the biomass with carbon. Principally, it was found that 
MW absorbers or catalysts in the biomass not only affect the tem¬ 
perature profile but also the yield of pyrolysis liquid. Hence, our 
outcomes regarding the ratio of biomass to MW absorbers were 
very consistent with these studies. 

3.4. FT-IR analysis of bio-oil 

Table 2 presents the chemical functional groups present in bio¬ 
oil detected using the Fourier Transform Infrared (FT-IR) technique. 
The O-H stretching vibrations in the range of3200-3600 cm -1 indi¬ 
cate the presence of alcohols, polymeric materials and phenols. In 
particular, the presence of hydroxyl group in phenol was revealed 
3420 cm -1 peak which was very similar with study of Huang et al. 
[32]. Water impurities may also be present indicated by hydroxyl 
groups. The presence of primary, secondary and tertiary alcohols, 
phenols, ethers and esters could also be found between 1300 and 
950 cm -1 indicated by C—O stretching and O—H bending. These 
peaks denote that OPS bio-oil may be rich in phenolic components 
because OPS is characterised as a high lignin content biomass. This 
may favour the formation of phenolic compounds during pyroly¬ 
sis reactions. The peak between 2300 and 2000 cm -1 may indicate 
the presence of alkynes and cyanide due to C=N stretching. Another 
significant peak was observed between 1650 and 1850 cm -1 which 
could be due to C=0 stretching vibrations, indicating compounds 
such as ketones, carboxylic acids or esters. The C=C stretching 
vibrations between 1600 and 1580 cm -1 may be due to aromatic 
structures in the bio-oil. Furthermore, absorption peaks in the 
region of 900-700 cm -1 with C—H bending also indicate various 
aromatic groups. Possible aliphatic CH 3 and CH 2 groups could also 
be present in the bio-oil as indicated by C—H bending vibrations in 
the region of 1470-1350 cm -1 . Accordingly, bio-oil can be consid¬ 
ered as a highly oxygenated chemical compound. Thus, a number 
of multifunctional compounds can be identified by FT-IR analy¬ 
sis, including acids, alcohols, ketones, aldehydes, phenols, esters, 
aromatic and aliphatic compounds. In order to narrow down the 
specific chemical compounds, the bio-oil was subjected to GC-MS 
and NMR characterization which is discussed in subsequent sec¬ 
tions. 

3.5. GC-MS characterisation of bio-oil 

According to the GC-MS analysis, bio-oil can be characterised 
as highly phenolic in nature. This indicates the suitability of the 
bio-oil for value-added chemicals. Tables 3 and 4 show the possi¬ 
ble chemical compounds in the OPS bio-oil at the ratios of 1:0.1, 
1:0.25, 1:0.5 and 1:0.75. Bio-oil obtained at a biomass to carbon 
ratio of 1:0.1 was rich in oleic acid, about 45%, while phenol was 
low in quantity, about 4.5%, as shown in Table 3. Moreover, other 
researchers [8,33,34] also confirmed the presence of oleic acid in 



























A.A. Salema, F.N. Ani / Journal of Analytical and Applied Pyrolysis 96 (2012) 162-172 


169 


Table 3 

Chemical compounds in bio-oil obtained by MW pyrolysis at a 1:0.1 biomass to 
carbon ratio. 


Chemical compounds 

% area 

Phenol 

4.5 

2-methoxy-phenol 

0.3 

n-Hexadecanoic acid 

0.8 

Oleic acid 

45.8 

cis-9-Hexadecenal 

1.8 

Elaidic acid, isopropyl ester 

1.5 

13-Tetradecen-l-ol acetate 

2.3 


biomass pyrolysis oil. It is expected that oleic acid is present in 
hardwood and softwood biomass in form of triglyceride [34]. An 
increase in the biomass to carbon ratio led to a significant increase 
in phenol and its derivatives, as shown in Table 4. The highest 
amount of phenol was detected at the 1:0.5 ratio. The formation of 
phenol during pyrolysis reaction is reported to be influenced by the 
temperature [32,35]. Some additional chemical components, such 
as benzoic acid, 9-octadecenoic acid, and cyclopentadecanone 2- 
hydroxy were found at the ratios of 1:0.25 and 1:0.75. This high 
phenolic nature of the bio-oil may have been due to the presence 
of a high amount of lignin in OPS. The formation of phenol from 
the degradation of lignin is well-known from previous studies [36]. 
Hence, OPS bio-oil has the potential to be used as a source of phe¬ 
nol as an alternative to petroleum-derived phenol. MW technology 
with a stirrer might have maximised the formation of phenol in the 
bio-oil. This might have been due to high agitation of the biomass 
materials, resulting in a vigorous pyrolysis reaction. The use of acti¬ 
vated carbon instead of other carbonaceous materials such as char 
might have also helped in achieving the high percentage of phe¬ 
nolic compounds. The type of activated carbon used as an MW 
absorber also affects the quality and yield of the pyrolysis product 
[19,37]. The MW mode (pulsed or continuous) has also been shown 
to enhance the reaction mechanism [38]. Nevertheless, knowledge 
on these effects is still incomplete. 

Parameters such as MW input power, temperature and the 
biomass to carbon ratio contribute equally to improving the pheno¬ 
lic nature of bio-oil. The phenol content in bio-oil obtained via the 
present method was found to be higher as compared with other 
methods, as shown in Table 5. Interestingly, polycyclic aromatic 
hydrocarbons (PAHs) were found to be totally absent in OPS bio¬ 
oil, which are considered as carcinogenic to humans. The presence 
of high quantity of phenol and its derivatives including cresols 
in OPS bio-oil was in total agreement with previous researcher’s 
[39-42]. Moreover, pyrolysis temperature was reported to influ¬ 
ence the formation of phenol and its compounds [41 ]. Surprisingly, 


Table 4 

Chemical compounds in bio-oil obtained by MW pyrolysis at different biomass to 
carbon ratios. 


Chemical compounds 

Peak area % 

Carbon percentage 

25 50 

75 

Phenol 

65.1 

72.1 

68.6 

2-Methyl-phenol (o-cresol) 

- 

3.0 

2.3 

4-Methyl-phenol (p-cresol) 

- 

2.4 

- 

2-Methoxy-phenol 

8.7 

9.0 

7.3 

2-Methoxy-4-methyl-phenol 

5.7 

5.0 

3.4 

4-Ethyl-2-methoxy-phenol 

5.8 

4.4 

3.0 

2,6-Dimethoxy-phenol 

6.8 

3.9 

2.6 

4-Hydroxy-3-methoxy benzoic acid 

3.0 

- 

- 

1,2,3-Trimethoxy-5-methyl benzene 

2.8 

- 

- 

9-Octadecenoic acid dihydroxypropyl ester 

- 

- 

7.1 

2-Hydroxy-cyclopentadecanone 

- 

- 

5.3 


(-) Not detected. 


Table 5 

Percentage phenol in different bio-oils detected by the GC-MS method. 


Biomass 

Process/technology 

Temperature, °C 

Phenol, area % 

OPS (this study) 

Microwave pyrolysis 

500 

72.0 

OPS [39,40] 

Fluidised bed pyrolysis 

500 

28.3 

OPS [41] 

Fluidised bed pyrolysis 

453 

22.1 

OPS [42] 

Fixed tubular reactor 

500 

13.4 

Wheat straw [13] 

Microwave pyrolysis 

120 

2.0 

Rice straw [9] 

Microwave pyrolysis 

400 

9.3 

Corn stover [8] 

Microwave pyrolysis 

450-550 

^6.0 

Aspen [8] 

Microwave pyrolysis 

450-550 

^4.0 

Douglas fir [19] 

Microwave pyrolysis 

315-400 

^37.0 


trimethylamine a major non-aromatic compound in OPS bio-oil 
[42] was not detected in present study. In conclusion, the formation 
of chemicals in the bio-oil can be greatly affected by the mechanism 
of heating applied (MW or conventional) to pyrolyse the biomass. 

3.6. 1 H NMR analysis of bio-oil 

The proton NMR spectra of OPS bio-oil produced at different 
carbon percentages are shown in Fig. 6 . The hydrogen distribution 
within the selected region is presented in Table 6 . The spectrum 
region from 0.5 to 2.0 ppm, representing aliphatic protons attached 
to carbon atoms, decreased with an increase in the amount of the 
microwave absorber in biomass as shown in Table 6 . This may 
also indicate the presence of saturated alkanes. Within this spec¬ 
trum, no peak was found in the region from 0.5 to 1.0 ppm and 
1.5 to 2.0 ppm. This indicates that proton binding to CH 37 CH 2 and 
CH (attached to napthalene) was absent in this bio-oil. Moreover, 
protons representing |3-CH 3 , CH 2 and CH that may be attached to 
aromatic or olefinic compounds were detected in the region from 
1.0 to 1.5 ppm. However, these may be related to aliphatic chains 
bound to the aromatic region [43]. 

The next region between 2.0 and 3.0 ppm showed large pro¬ 
ton contents in aliphatic a-CH 3 , CH 2 and CH bound to aromatic 
or acetylene groups. The microwave absorber to biomass ratio of 
1:0.25 showed the largest number of protons (45%) in this region, 
with the least shown for 1:0.75 (19%), as indicated in Table 6 . The 
peaks in the range of 3.0-4.0 ppm may be attributed to protons 
attached to ring-joined methylene group (Ar—CH 2 —Ar). The high¬ 
est number of protons ( 6 %) was found with the ratio of 1:0.5 in this 
region. 

Nevertheless, water in bio-oil may also be represented in the 
regions from 2.0 to 3.0 ppm [44] or 3.0 to 4.0 ppm [45]. The latter 
region may be valid for low water concentrations in bio-oil. How¬ 
ever, with a high water content, two peaks were observed in the 
range from 2.0 to 4.0 ppm. The peak in the region of 2.0 ppm might 
have been due to unbound water in the bio-oil, and that around 
3.0-4.0ppm can be assigned to bound water [45]. 

The largest number of protons for the ratios of 1:0.5 (52%) and 
1:0.75 (57%) was found in the region from 4.0 to 6.0 ppm (see 
Table 6 ), compared to only 17% for the ratio of 1:0.25. This region 


Table 6 

: H NMR analysis of OPS bio-oil at different carbon percentages. 


Type of proton 

Chemical shift, ppm 

% H in bio-oil 




25 

50 

75 

Aliphatic 

0.5-2.0 

3.0 

2.3 

1.8 

CH 3 ; CH 2 and CHato 
an aromatic ring 

2.0-3.0 

45.0 

23.4 

19.6 

Ring-joined methylene 
(Ar—CH 2 —Ar) 

3.0-4.0 

4.0 

6.1 

2.8 

Phenols (OH) 

4.0-6.0 

17.0 

52.0 

57.6 

Aromatics 

6.0-9.0 

30.0 

16.0 

18.1 

Aldehydes 

9.0-10.0 

1.0 

0.2 

0.1 
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10.0 9.5 9.0 8.5 6.0 7.5 7.0 5.5 5.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 


Fig. 6. 1 H NMR spectrum of MW pyrolysed OPS bio-oil at different carbon percentages. 


may represent aromatic phenolic OH or methoxyphenol groups 
derived from lignin. The high phenolic nature of the bio-oil can be 
attributed to the presence of an abundant number of hydrogens in 
this region. This is because of the high lignin content in OPS which 
favours the formation of polyphenol groups in the bio-oil during the 
pyrolysis reaction. Thus, according to Mohan et al. [46] the degra¬ 
dation of lignin by pyrolysis results in the formation of phenol via 
the cleavage of ether and C—C linkages. However, the aromaticity 
of bio-oil at the ratio of 1:0.25 (30%) was higher than the other 
ratios in the region of 6.0-9.0 ppm. This region may represent pro¬ 
tons attached to benzene rings or heteroaromatics containing O 
and N [41]. Finally, the lowest number of protons was observed 
in the spectral region of 9.0-10.0 ppm, which was expected to 
occur due to aldehydes in the bio-oil in addition to carboxylic acid 
groups. 

Overall, the results of 1 H NMR analysis show that OPS bio-oil 
is characterised by the presence of highly aromatic protons in the 
spectral region of 4.0-9.0. The total amount of protons representing 
the aromatic groups in this region at the ratios of 1:0.25,1:0.5 and 
1:0.75 was about 47%, 68% and 75%, respectively. Obviously, the 
ratio of biomass to the microwave absorber influenced the pyrol¬ 
ysis temperature, which might have affected the quality of bio-oil 
in terms of the phenolic content. Previous reports [47] have pro¬ 
vided the rationale behind the chemical changes taking place at 
different pyrolysis temperatures. They have provided the probable 
pathway of pyrolysis products in the vapour as indicated below. 
According to this pathway, phenol and its derivatives are found in 
temperature range of about 450-600 °C. Thus, from our research 
work, high amount of phenolics were produced at temperature of 
400,500 and 700 °C (see Table 4 for different carbon ratios). Never¬ 
theless, at much higher temperature viz. 800 °C PAH are expected 


to be produced according to the pyrolysis pathway. In our case 
no PAH was detected in bio-oil at such temperature. Finally, at 
such high temperature heterogeneous reactions may change the 
chemical compounds in the bio-oil. 

4. Challenges and benefits of this study 

The benefits gained from MW pyrolysis using a stirrer are as 
follows: 

(i) Higher MW pyrolysis temperatures can be achieved with a 
stirrer. 

(ii) Continuous agitation of materials enhances the heat transfer 
rate within the biomass. 

(iii) The hot spot phenomenon in multimode MW could be elim¬ 
inated with the help of an overhead stirrer. 

(iv) Complete pyrolysis of biomass could be achieved within a 
short time. 

(v) Micro-plasmas occurring due to the interaction of MW radia¬ 
tion with carbon particles can be uniformly distributed using 
a stirrer in order to minimise the localised heating of materi¬ 
als. 

(vi) Process time and energy were significantly reduced in terms 
of achieving complete pyrolysis. 

(vii) Quality of the bio-oil was further enhanced. 

(viii) Overall, the introduction of a stirrer in MW pyrolysis did not 
show any problems in terms of arcing or interactions with 
MW during the experiments. 

The challenges faced during MW pyrolysis with a stirrer are: 
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(i) High-speed stirring can cause attrition of carbon particles into 
smaller sizes, which can easily elutriate out of the reactor with 
the vapours. 

(ii) The above incident may diminish the bio-oil yield owing to 
secondary cracking of vapours. 

(iii) The size of the stirrer has to be maintained to reduce arcing 
or interference with electromagnetic waves. 

(iv) Proper design of the stirrer is necessary to ensure enough 
clearance from reactor wall, otherwise it can scratch the glass 
wall. 

(v) Placing the thermocouples was challenging and they needed 
to be placed away from the moving stirrer but in moving bed 
mass. 

(vi) Vibration of the MW system should be avoided or else it can 
disturb the thermocouple arrangement leading to perturbed 
stirring action. 

(vii) The opening through which the stirrer is inserted into the 
reactor needs to be sealed with proper care. Any material 
which can create friction with the moving stirrer rod should 
be avoided in order to prevent damage to the stirrer or the 
occurrence of hazards. 

(viii) Bio-oil should not be allowed to deposit at the junction of the 
moving stirrer rod and the opening through which the stirrer 
is inserted, since it may be combustible. 

The chemical analysis (FT-IR, GC-MS and NMR) of bio-oil 
indicated the presence of phenol and its derivatives. Phenol and 
its derivatives are assumed to be produced by the degradation of 
lignin during the pyrolysis reaction. However, the thermal kinet¬ 
ics of lignin during pyrolysis might change due to their complex 
composition [48]. Since lignin constitutes a major component in 
the lignocellulosic chemical structure of OPS, value-added prod¬ 
ucts from such lignin-rich materials can be obtained at commercial 
level. Further, the substitution of phenolic compounds derived from 
the structure of lignin is not only environmentally friendly, but 
also economical compared to other polymeric materials. The main 
chemical component in the OPS bio-oil was found to be phenol, 
which was in total agreement with earlier studies [39-42,49]. The 
ratio of biomass to carbon was found to play an important role in 
the formation of such polyphenolic compounds in the bio-oil. This 
was because the ratio of biomass to carbon influenced the pyroly¬ 
sis temperature, which further controlled the reaction mechanism. 
In addition, the implementation of a stirrer indeed enhanced the 
pyrolysis reaction and the quality of the bio-oil. However, the opti¬ 
mum ratio (1:0.5) of biomass to carbon was necessary to achieve 
a favourable pyrolysis temperature (500 °C) to obtain maximum 
phenolic compounds in the bio-oil. This observation also agreed 
with a very recent work [19] investigating MW pyrolysis of Dou¬ 
glas fir. The authors concluded that the reaction temperature and 
the amount of carbon added to the biomass played an important 
role in product distribution and the phenolic content in the bio-oil. 

5. Conclusions 

This study demonstrated for the first time that MW heating 
using a stirrer can be successfully implemented to pyrolyse solid 
biomass materials. Moreover, the biomass to carbon ratio was 
found to be a significant factor affecting the temperature as well as 
the product yield. Carbonaceous material could not only increase 
the reaction temperature, but also could act as a controller on the 
pyrolysis temperature for a multimode domestic MW where tem¬ 
perature cannot be set unlike the MW power and time. The results 
showed that the pyrolysis temperature decreased as the carbon 
percentage increased in the biomass. However, 50 wt% carbon pro¬ 
vided a suitable pyrolysis temperature of about 500 °C, as well as 


the optimum yield and highest phenol content in the bio-oil. Finally, 
the chemical analysis of the OPS bio-oil showed the presence of two 
very important chemical compounds, oleic acid and phenol, which 
can be produced as an alternative to petroleum-derived products. 
The formation of such compounds was based on the pyrolysis tem¬ 
perature, which further depended on the biomass to carbon ratio. 
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